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Abstract 
The paper presents the prospects of using the technology of low-oxygen aerobic wastewater treatment – simultaneous 
nitrification and denitrification – as energy-efficient solution for construction and reconstruction of wastewater treatment plants 
for small settlements in the conditions of the Russian Federation. The results of an experiment (the second phase) conducted on a 
laboratory model of the Oxidation Ditch are described.  
The paper presents the horizontal model of  the Oxidation Ditch that will be used for further experiments. This model differs 
from previous ones in its hydraulic performance. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Energy efficiency and high quality of treatment are the main tasks in construction and reconstruction of 
wastewater treatment plants. Nowadays there are a large amount of biological wastewater treatment technologies 
that perform these tasks. However, several features of the Russian Federation water complex make it impossible to 
simply copy the international practice in the Russian conditions. The quantitative ratio of the concentrations of 
various pollutants in domestic wastewater, the average annual temperature, low-skilled operating personnel require 
experimental checks of efficiency of technological schemes before implementing it into real-size production. 
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In the National Research Moscow State University of Civil Engineering, there are researches of low-oxygen 
methods of biological wastewater treatment in the Oxidation Ditches with a low content of organic matter in the 
substrate (low C/N ratio). Engineering science knows three main methods that are suitable for these conditions: the 
shortcut nitrification/denitrification, simultaneous nitrification and denitrification and anaerobic ammonium 
oxidation (Anammox) [1]. The modelling of simultaneous nitrification and denitrification various process 
parameters and conditions is the basis of the study. 
Simultaneous denitrification and nitrification (SND) is a process in which both microbiological reactions occur at 
the same time and at the same volume of bioreactor [2]. As there is currently no common understanding of the SND 
mechanism, clearly asserting the physical or microbiological nature of this phenomenon, the study includes 
consideration of both sides. 
The main physical explanation is that SND occurs within the formation under the influence of specific hydraulic 
and oxygen regime of large activated sludge flocs with modified internal structure. The size and structure of flocs 
lead to dissolved oxygen concentration gradients. As a result, in the center of flocs appear anoxic microzones that 
allow heterotrophic denitrifies to produce nitrogen gas in the traditional way. The structure of the outer layers of 
flocs effects on oxygen diffusion coefficients and entails an efficient nitrification with autotrophic microorganisms 
in the low-oxygen conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Diagram of SND in an activated sludge floc. 
There are two main theories to explain the microbiological mechanism of simultaneous nitrification and 
denitrification. The first one suggests that the denitrifying microorganisms begin denitrification process while in the 
anoxic phase and continues with a further contact in aerobic. The effectiveness of denitrification is reduced 
gradually in the high dissolved oxygen level inhibiting conditions, nitrification and denitrification, for a time, occur 
simultaneously. 
The second theory is that denitrifies have greater species diversity than previously thought. There are suggestions 
that some of the microorganisms, responsible for the simultaneous nitrification and denitrification, are autotrophic. 
This means that the need for easy-oxidized carbon source for denitrification can be reduced, which will greatly 
facilitate the operation of biological wastewater treatment plants, especially with low-concentration wastewater 
specific to the Russian Federation. Compared to the conventional nitrification and denitrification, SND utilizes 25–
40% less carbon source and reduced sludge yield by 30%. 
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Researches in the Moscow State University of Civil Engineering are focused on modeling and study of both 
physical and microbiological mechanisms of simultaneous nitrification and denitrification. The first stage of the 
study is the physical simulation in laboratory settings using artificial wastewater. 
2. Materials and methods 
The method of physical biological wastewater treatment modeling is based on the principle of biochemical and 
hydraulic similarity. Because the research is directed to the study of operational properties of biomass, it is 
necessary to accurately reproduce the most basic indicators of wastewater acting as a substrate. Organic-based 
artificial wastewater is a peptone solution it is an easy-oxidized breeding ground. In addition, the solution was 
further saturated with nitrogen and phosphorous salts, and ammonium chloride solution to adjust the concentration 
of nutrients in the influent. In general, the influent substrate corresponds to typical wastewater in the Moscow region 
and allows to set the basic biochemical dependence for further modeling. 
The first stage of research - physical laboratory simulation - consists of three stages. There is specific design of 
the experimental setup at each stage. 
In the first phase of the experiment laboratory model consisted of a single volume of the bioreactor and the 
secondary settler. The total working volume of the Oxidation Ditch was 18 L (the volume of zona 1 was 8.15 L and 
of zona 2 – 9.85 L). The influent rate was 2.4 L/h, which gave a hydraulic retention time (HRT) of 7.5, 3.4 and 4.1   
respectively. The working volume of secondary clarifier was 4 L; time of clarification was 1.7 h. RAS ratio was 
200%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Experimental model (phase one). 
Lab-scale model of the Oxidation Ditch consisted of (Fig. 2): bioreactor (a); secondary clarifier (b); 1-zone (1); 
2-zone (2); feed hopper (3); low-powered mechanical stirrer (4); influent from metering pump (5); returned 
activated sludge (RAS) (6); bioreactor outlet (7); high-intensity aeration (8); low-intensity aeration (9).  
Results from the first phase of the experiment were described earlier [3,4]. 
In the second phase of the experiment the model was supplemented by a second reactor for more subtle oxygen 
conditions modeling (Fig. 3). The total volume of the bioreactor was 36 liters (each reactor was about 18 liters).  
The phase took 6 months, of which 4 months unit operating in a stable manner, which is reflected in the results of 
the regular chemical analyzes. The oxygen level in the both reactors was lowered to a minimum of 0.5 mg / l. At the 
same time some attention was paid to the process of adaptation of the activated sludge to the low dissolved oxygen 
conditions. 
The principle of operation of lab-scale Oxidation Ditch in “double-reactor mode” is as follows: metering pumps 
(1) supply synthetic wastewater (peptone-basis influent) into the first bioreactor (A). Mechanical stirrer (2) makes a 
laminar circulating fluid stream. Low-intensity blowers (3) maintain average dissolved oxygen concentrations about 
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0,5 mg/L. After the first bioreactor, some of the liquid enters the second bioreactor (B) which works like the first 
one (with mechanical stirrer (4) and blowers (5)). Then some part of liquid directed to the secondary settler (C). The 
precipitated activated sludge returned to the first bioreactor as a returned activated sludge (RAS). Clarified liquid is 
removed from the system as an effluent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. Experimental model (phase two).  
Dissolved oxygen concentrations, pH and temperature are measured with WTW Profline Oxi 3310. COD, BOD5, 
ammonium, nitrite, nitrate and phosphate are made according to the standard methods. 
The third phase of the laboratory experiment is currently underway. The model with horizontal fluid flow was 
assembled and put into operation (Fig. 4). It consists of two separated reactors with their own returned activated 
sludge system from the secondary clarifiers. The volume of each reactor is 38 liters. In this model HRT is 7,5 hours, 
time of clarification is 2,0 h. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. Experimental model (phase three). 
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3. Results and discussion 
Forty control chemical analyzes were carried out during the second phase. The results showed that the biological 
system is stable and controllable. 
               Table 1. Average results of analyzes (second phase). 
Days of the 
experiment 
Control 
point 
COD, 
mgO/l 
BOD5, 
mgO2/l 
NH4, 
mg/l 
NO2, 
mg/l 
NO3, 
mg/l 
PO4, 
mg/l 
1 – 30 
 
Influent 
Effluent 
165.17 
10.43 
124 
5.72 
39.76 
10.05 
- 
0.17 
- 
15.6 
- 
- 
31 – 61 Influent 
Effluent 
171.12 
6.01 
123 
2.62 
41.71 
0.94 
- 
0.13 
- 
9.86 
15.49 
9.92 
61 – 90 Influent 
Effluent 
158.51 
7.12 
119 
2.1 
40.62 
0.74 
- 
0.09 
- 
10.1 
18.27 
11.36 
From the obtained data, basic characteristics of the system`s biochemistry processes have been constructed. 
Characteristics are in the form of graphs.  
Graphs of the specific oxidation rate, depending on the influent and effluent BOD5 (Fig. 5a and Fig. 5b 
respectively), show the stable operation of the system. Deviating points correspond to the results of chemical 
analyzes attributable to the period of commissioning. Upon the stable operation of the model has been reached, 
BOD removal was effectively both the first and the second phase of the experiment. 
Fig 5. (a) specific oxidation rate in relation of BOD5 (in the influent); (b) specific oxidation rate in relation of BOD5 (in the effluent). 
4. Conclusions 
Optimal dissolved oxygen level for laboratory model of simultaneous nitrification and denitrification in the 
Oxidation Ditch is about 0.4–0.5 mg/l. Optimal circulation velocity is 0.2 m/s. 
Overall, the results of this stage of the experiment can be considered as positive. Nitrification was efficient at 
low oxygen level with simultaneous denitrification process. Biochemical process was stable with high specific 
oxidation and nitrification rates. Total losses of Nitrogen with SND were about 85%. 
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